AD-A 065 355

AD

MEMORANDUM REPORT ARBRL-MR-02880

TURBULENT BOUNDARY LAYER MEASUREMENTS ON
THE BOATTAIL SECTION OF A YAWED, SPINNING
PROJECTILE SHAPE AT MACH 3.0

Lyle D. Kayser i \HINICAL
RARY

Walter B. Sturek L

November 1978

US ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND

BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

Approved for public release; distribution unlimited.

| DTIC QUALITY INSPECTED 3



Destroy this report when it is no longer needed.
Do not return it to the originator.

Secondary distribution of this report by originating
or sponsoring activity is prohibited.

Additional copies of this report may be obtained
from the National Technical Information Service,
U.S. Department of Commerce, Springfield, Virginia
22161.

The findings in this report are not to be construed as
an official Department of the Army position, unless
so designated by other authorized documents.

The use of trade names or mamufacturers' names in thiu report
does not congtitute indorsement of any commercial product.



UNCLASSIFTED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entersd)

REPORT DOCUMENTATION PAGE S e L i
1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'’S CATALOG NUMBER
MEMORANDUM REPORT ARBRL-MR-02880
4. TITLE (and Subtitls) S. TYPE OF REPORT & PERIOD COVERED

TURBULENT BOUNDARY LAYER MEASUREMENTS ON THE
BOATTAIL SECTION OF A YAWED, SPINNING PROJECTILE
SHAPE AT MACH 3.0

7. AUTHORC(s) 8. CONTRACT OR GRANT NUMBER(®)

Final

6. PERFORMING ORG. REPORT NUMBER

Lyle D. Kayser
Walter B. Sturek

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. I:ROGRA

U.S. Army Ballistic Research Laboratory
(ATTN: DRDAR-BLL)
Aberdeen Proving Ground, Maryland 21005

ELEMENT, PROJECT, TASK
UNIT NUMBERS

RDTGE 1L161102AH43

11. CONTROLLING OFFICE NAME AND ADDRESS t12. REPORT DATE
U.S. Army Armament Research and Development Cmd NOVEMBER 1978
U.S. Army Ballistic Research Laboratory T3 NUWBER OF PAGES
ATTN: DRDAR-BL) 33
i arvland 21008
14. MONITORING AGENCY NAME & A DRESS(II different from Controlling Office) 1S. SECURITY CLASS. (of this report)
Unclassified

1Se. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thls Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the ebstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse eide if necessary and !dentify by block number)

Turbulent Boundary Layers
Yawed Spinning Bodies
Experimental Measurements
Supersonic Flow

20. ABSTRACT (Continue on reverse eide If necesaary and identify by block numbar) (].Cb)

Total pressure measurements were obtained in the turbulent boundary layer of a
spinning body of revolution in support of the BRL Magnus Research Program.

Data were obtained on the boattail section of a slender projectile shape at a
Mach number of 3.0 and angles of attack up to 6.3 degrees. This report
presents a tabulation of the boundary layer profile characteristics in a format .
that facilitates comparison with theoretical computations. A description of
the experiment and a brief analysis of the data are given.

DD , 523'3,3 1473 EDITION OF 1 NOV 6515 OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)




II.

ITI.

IV.

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS .

INTRODUCTION

EXPERIMENT

DISCUSSION OF RESULTS .

CONCLUDING REMARKS

REFERENCES

LIST OF SYMBOLS .

APPENDIX A

DISTRIBUTION LIST .

Page

10
11
24
25
27

87



LIST OF ILLUSTRATIONS

Figure Page
1. Model GeometTY . . . « v « ¢ o o & o « s+ & 4 s e e a e e 13
2. Model Installation Photograph . . . . . . . . . . . . . . 14
3. Surface Pressure Distribution . . . . . . . . . . . . . . 15
4. Impact Probe Calibration . . . . . . . . . . ... ... .16
5. Coordinate System . . . . . .« ¢ « ¢ ¢« ¢ 0 e 0 e e e e e 17
6. Velocity Profiles, Theory and Experiment . . . . . . . . . 18
7. Velocity Profiles, Experiment . . . . . . . R T
8. Longitudinal Variation of Displacement Thickness . . . . . 20
9. Angle-of-Attack Effect on Displacement Thickness,

Experimental Data . . . . . « « « o ¢ & o o o oo oo.. 21
10. Effect of Spin on Displacement Thickness . . . . . . . . . 22



I. INTRODUCTION

The BRL has been conducting and supporting theoretical and experi-
mental Magnus research efforts in recent years. As a result of this
research, numerical techniques have been developed for computing Magnus
effects (forces and moments). Details of the computational procedure
are described in references 1, 2, 3, and 4. The purpose of the experi-
mental investigation reported here is to acquire detailed three-dimen-
sional turbulent boundary layer profile data for the flow over a pro-
jectile boattail. These data are being used for comparison with the
numerical computations in order to provide guidance and to help evaluate
the theoretical effort.

A substantial number of experiments have been conducted in support
of the BRL Magnus program. Types of experiments that have been
conducted include: strain-gauge force and moment measurements, surface

pressure measurements, and boundary layer studies. Results from some

1. H. A. Dwyer, "Three Dimensional Flow Studies Over a Spinning Cone
at Angle of Attack," BRL Contract Report No. 137, February 1974,
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
Maryland. AD 774795.

2. H. A. Dwyer and B. R. Sanders, "Magnus Forces on Spinning Super-
sonic Cones. Part I: The Boundary Layer,'" BRL Contract Report No.
248, July 1975, U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, Maryland. AD A013518. Also, AIAA Journal, Vol.
14, No. 4, April 1976, p. 498.

3. B. R. Sanders, "Three-Dimensional, Steady, Inviscid Flow Field
Calculations With Application to the Magnus Problem,'" PhD
Dissertation, University of California, Davis, California, May
1974.

4. W. B. Sturek, et al, "Computations of Turbulent Boundary Layer
Development Over a Yawed, Spinning Body of Revolution With Appli-
cation to Magnus Effect," BRL Report No. 1985, May 1977, U.S. Army
Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland.
AD A041338.



of these experiments can be found in references S5 through 9. The
primary purpose of this report is to provide a tabulation of the
boundary layer profile data and integral parameters. A description of
the experiment and a limited analysis of the data are also provided.

I1. EXPERIMENT

All boundary layer results presented in this report were obtained
on the boattail of the secant-ogive-cylinder-boattail model (SOCBT)
shown in Figure 1. The model is 57.15 mm (2.25 inches) in diameter and
342.9 mm (13.5 inches) long. A boundary layer trip was placed on the
ogive to insure the location of the start of turbulent flow. The tests
were conducted in the BRL Supersonic Wind Tunnel No. 1, which is a
continuous flow tunnel with a test section of 330 x 381 mm (13 x 15
inches). Measurements of the total head pressure through the boundary
layer were made with a flattened impact pressure probe 1.5 mm wide by
0.15 mm high. The probe was electrically isolated from the probe
holder so that contact with the model, for non-spinning runs, could be
determined with an ohmmeter. The probe drive mechanism moved the
probe perpendicular to the model centerline; also, the probe drive
mechanism could be positioned circumferentially about the model. The
SOC model without the boattail, the probe, and the probe drive
mechanism are shown installed in the tunnel in Figure 2.

5. Charles J. Nietubicz, Klaus 0. Opalka, and Walter B. Sturek,
"Magnus Force Measurements on Bodies of Revolution at Supersonic
Speeds," to be published as a BRL Memorandum Report.

6. R. P. Reklis and W. B. Sturek, "Surface Pressure Measurements on
Slender Bodies at Angle of Attack in Supersonic Flow," to be
published as a BRL Memorandum Report.

7. L. D. Kayser and W. B. Sturek, "Experimental Measurements in the
Turbulent Boundary Layer of a Yawed, Spinning Ogive-Cylinder Body
of Revolution at Mach 3.0. Part I. Description of the Experiment
and Data Analysis," ARBRL-MR-02808, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, Maryland, January 1978.

AD A052301.

8. L. D. Kayser and W. B. Sturek, "Experimental Measurements in the
Turbulent Boundary Layer of a Yawed, Spinning Ogive-Cylinder Body
of Revolution at Mach 3.0. Part II. Data Tabulation," ARBRL-MR-
02813, U.S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, Maryland, March 1978. AD A0563458.

9. L. D. Kayser, W. B. Sturek, and W. J. Yanta, "Measurements in the
Turbulent Boundary Layer of a Yawed, Spiwnning Body of Revolution
at Mach 3.0 With a Laser Velocimeter and Impact Probe," AIAA 10th
Aerodynamic Testing Conference, San Diego, California, 19-21 April
1978.
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The boundary layer survey procedure was to bring the impact probe
from outside the boundary layer down to, and touching, the model for the
no-spin case; immediately following a no-spin run, the model was brought
up to the 333 rps (20,000 rpm) spin rate and the probe was brought down
through the boundary layer to within approximately 0.1 mm of the
surface. Data were obtained at 5.33 and 5.67 calibers from the nose
(i.e., 0.67 and 0.33 caliber from the base) and the angle-of-attack
range was 0 to 6.3 degrees. Data were acquired circumferentially
around the model in 30 degree increments and also at 10 degrees on each
side of the leeward ray (¢ = 180 degrees). At most positions, surveys
were made at both 0 and 333 rps: the spin rate of 333 rps corresponds
to a dimensionless spin rate (pd/V) of 0.19 at Mach 3.0. Tunnel
conditions for the tests were: Mach 3.0; a supply temperature of 310 K;
a supply pressure of 298 kPa. These conditions provided a Reynolds
number of 7.3 x 10° based on model length. Local Mach numbers within
the boundary layer were determined from the Rayleigh pitot formula
assuming a constant static pressure across the boundary layer. The
data in this report were reduced using the experimental values of wall
static pressure obtained by Rek1is®. Figure 3 is a comparison of exper-
imental pressures and theoretical surface pressures computed with the
inviscid program described in reference 3. The model surface tempera-
ture was assumed to be equal to the adiabatic wall temperature for
turbulent flow--the recovery factor was taken as the cube root of the
Prandtl number. The temperature distribution in the boundary layer was
found by assuming the Crocco linear total temperature profile:

With temperature, pressure, and Mach number determined, local densities
and velocities can be calculated. The integral parameters of displace-
ment thickness, momentum thickness, and velocity thickness were deter-

mined by integrating from y = 0 to y = § where § =yatu-= 0.985 u,.

The value of 0.985 provided a more consistent circumferential distribu-
tion of boundary layer thicknesses than the conventional value of 0.99
because of slight velocity gradients outside of the boundary layer.

The probe axis was aligned longitudinally with the model axis.
Some uncertainty is inherent in the profile data due to the probe not
being aligned with the local flow direction within the boundary layer.
The uncertainty due to cross flow would be of the order of angle of
attack at the outer edge of the boundary layer when probing the sides
of the model (¢ = 90 and 270 degrees). The uncertainty due to spin is
expected to be small because the large velocity gradients in a turbu-
lent boundary layer would confine the greatest effect of flow angularity
to a very small region near the surface which cannot be probed accurate-
ly using a total head probe.



Impact pressure measurements were made in the tunnel freestream at
angles of incidence from -10 to +15 degrees in both pitch and yaw--these
results are shown in Figure 4. In pitch, the probe pressure does not
vary more than t* % percent from approximately -8 to +15 degrees. The
pressure variation with yaw is nearly a cosine function and it is within
the % percent deviation from approximately -6 to +6 degrees. This rela-
tive insensitivity to angle of incidence suggests that it would not have
been worth any substantial effort to align the probe axis with the local
flow direction.

Data Accuracy -- The pressure transducers used are linear to within

0.25% of full scale value. The data acquisition system measurement
accuracy is approximately 0.1% of full scale. Full scale is rarely
achieved on the transducer or the system measurement range; therefore,
the accuracy of measured pressures is estimated to be * 1.0%. The
positioning of the probe in the y direction was repeatable to within
approximately 0.03 mm and the uncertainty in determining the point of
probe-model contact was also approximately 0.03 mm. The uncertainty of
,the probe position relative to the model surface is, therefore, estimated
to be within 0.06 mm (0.0025 inch).

The possibility of interference between the model and the probe is
also of concern. In recent tests at the Naval Surface Weapons Center?,
velocities were measured in the boundary layer with laser velocimeter
for both spinning and non-spinning conditions. Comparisons of velocity
profiles obtained from LDV measurements and from impact pressure
measurements show good correlation. These comparisons provide evidence
that probe-model interference was not significant for the sizes of
boundary layers that were encountered.

III. DISCUSSION OF RESULTS

A test run summary for the boundary layer experiments is given in
Table I and a tabulation of all data can be found in Appendix A.

To help clarify the data, the orientation of the probe with respect
to the model must be known. The boundary layer and model coordinate
system is shown in Figure 5. Circumferential points of ¢ = 0 degrees,
at y = 0, lie on the most windward ray of the model when the model is at
some angle of attack. Looking upstream at the model base, with the
model at positive angle of attack, ¢ = 0 is on the bottom (6 o'clock);
¢ = 90 degrees is to the left (9 o'clock); ¢ = 180 degrees is on the
top (12 o'clock); and ¢ = 270 degrees is to the right (3 o'clock). A
clockwise spin is positive; therefore, a positive spin gives a surface
velocity in the same direction as cross flow on the left side of the
model. On the right side, cross flow and model surface velocities are
in the opposite direction.

10



A comparison of experimental and theoretical velocity profiles at
two degrees angle of attack is shown in Figure 6. The agreement on the
windward side is very good but slight differences do exist in the pro-
file shape on the leeward side near ¢ = 150, 180 degrees. Experimental
velocities are slightly lower near the wall and slightly higher in the
outer portion of the boundary layer. Figure 7 compares velocity pro-
files on opposite sides of the model and illustrates that the effects
of spin on profile shape are measurable. On the windward side of the
model, at ¢ = 30 vs 330 and 60 vs 300, there are no discernible effects
of spin. On the leeward side, near ¢ = 120 vs 240 and 150 vs 210,
effects of spin on the profile shape are substantial. However, near
the leeward ray (¢ = 170, 180, 190), the effects of spin were generally
found to be small.

Figure 8 shows the longitudinal variation of displacement thickness
at two degrees angle of attack. Boundary layer data on the cylindrical
section were reported in references 7 and 8. The comparison of theory
and experiment is encouraging; however, the disagreement is sufficient
to suggest that conventional eddy viscosity models are not sufficiently
responsive to changes in wall boundary conditions caused by abrupt
changes in surface curvature such as occurs at the cylinder-boattail
junction. The circumferential variation of displacement thickness for
several angles of attack, with and without model spin, are shown in
Figure 9. This figure illustrates clearly where the effects of spin
are most pronounced. The dips at ¢ = 180 degrees for angles of attack
of 4.2, 5.3, and 6.3 degrees are believed to be caused by longitudinal
vortices that are forming within the boundary layer. At the higher
angles of attack of 5.3 and 6.3 degrees, the dramatic thickening of the
boundary layer suggests that leeward separation of the boundary layer
may be near. The existence of such longitudinal separation type
vortices suggests that boundary layer theory will not be adequate at
angles of attack greater than five degrees. However, these data should
be of value for comparison with boundary region or Navier-Stokes numeri-
cal computations. Additional displacement thickness data are shown in
Figure 10. The increment of displacement thickness due to spin, at
o = 4 degrees, is shown on an expanded scale as a function of circum-
ferential position. Theoretical calculations for the increment of
displacement thickness, on the cylindrical section, compared to experi-
ment (reference 4) showed good agreement and the variation was quali-
tatively the same as shown in Figure 10.

IVv. CONCLUDING REMARKS

A substantial quantity of three-dimensional turbulent boundary
layer profile data, including effects of spin, have been acquired on a
realistic projectile boattail configuration. The data will be of value
for comparison with theoretical computations of three-dimensional
turbulent boundary layer development. Preliminary comparisons of
theoretical computations to these data using BRL's numerical finite-

11



difference codes indicate discrepancies which suggest that more sophis-
ticated turbulence models may be required to adequately predict the
boundary layer development over shapes with abrupt changes in wall
geometry. The higher angle-of-attack data will be useful in defining
the limits of boundary layer theory and for comparison with more general
type calculations such as obtained from boundary-region or Navier-Stokes
type codes.

12
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Figure 5. Coordinate System
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LIST OF SYMBOLS

diameter of model base
model spin rate, radians/second

impact probe pressure

impact probe pressure at zero yaw

model wall static pressure
free-stream static pressure

secant-ogive-cylinder-boattail

tunnel total temperature
local total temperature

model wall temperature

velocities in boundary layer coordinates

velocity at edge of boundary layer

velocity along model trajectory
boundary layer coordinates
longitudinal model axis coordinate

angle of attack, degrees

boundary layer thickness, § = y at u = 0.985 u,
longitudinal component of displacement thickness, cm

increment of displacement thickness due to spin, cm

circumferential boundary layer coordinate, degrees
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APPENDIX A

The order of tabulated boundary layer profile data is as follows.

Z/D o ‘Page
5.33 0 =—mem—mm—cmm—mm—————e- 29
> S S S SES S 31
5.67 | 43
2 R 44
U D) B s e R 56
5.3 ———m——mmmem—m—mm———m o 68
6.3 —mmmmmm—mmm——mmmm——mee 75

Within each angle-of-attack group, data are in order of increasing

roll angle (¢) with spin and no-spin runs together.
At Z/D = 5.33, data for angles of attack greater than 2.1 degrees
were not processed because the outer portion of the boundary layer was

in the Prandtl-Meyer expansion fan and the edge of the boundary layer
could not be accurately located.
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Mach
PO

TO
ALPHA
Z/D
PHI
RPM
PW

REL

TT

RHO

DEL
DELU
DEL*

THETA

UE

RHOE

Computer Tabulation Nomenclature

tunnel free-stream Mach number

tunnel supply pressure, kPa

tunnel supply temperature, deg. K

angle of attack, deg.

distance in calibers from nose
circumferential position, degrees

model spin rate, rpm

model wall pressure at point of survey, kPa

Reynolds number based on model length

distance normal to model surface, cm
local total temperature, deg. K
local static temperature, deg. K
local Mach number

local velocity, m/s

local density, m/s

boundary iayer thickness, DEL = Y at U = 0.985 UE
velocity thickness, cm

displacement thickness, cm

momentum thickness, cm

boundary layer shape parameter, 6*/6

velocity at edge of boundary layer, m/s

density at edge of boundary layer, kg/m3
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